Infection by bacteria can result in profound cardiovascular disturbances. In cases of severe infection this can result in septic shock, characterised by unrelenting hypotension, tachycardia and increased cardiac output. These effects can be simulated by the administration of the bacterial toxin, lipopolysaccharide (LPS), in both man (Suffredini et al., 1989) and animals (Waller et al., 1994; Gardiner et al., 1995; Pastor, 1999; Zhou et al., 2001 ). The effect of endotoxaemia upon the vasculature has been studied by many different groups, in vitro, and also, ex vivo, in preparations isolated from animals following the administration of LPS. However, the results are highly variable, probably due to differences in the experimental model, the vascular territory (conduit/resistance vessel, and region), as well as the experimental conditions for the in vitro experiments.
An experimental model we have characterised in vivo differs from many inasmuch as it involves continuous infusion of relatively low doses of LPS (150 µg kg
-1 h -1 ) rather than a high single bolus (commonly 20-30 mg kg -1 ). In that model we have shown regionally-selective changes in cardiovascular status (Waller et al., 1994; Gardiner et al., 1993 Gardiner et al., , 1994 Gardiner et al., , 1995 Gardiner et al., , 1996a associated with reduced mesenteric vasoconstrictor responses to methoxamine (an α 1 -adrenoceptor agonist) in vivo, at 2 and 24 h after the start of LPS infusion (Waller et al., 1994; Tarpey et al., 1998) . In contrast, the renal vasoconstrictor response to methoxamine in vivo was not suppressed (Waller et al., 1994) . Interestingly, mesenteric bed preparations taken from animals infused with LPS and investigated in vitro did not show reduced vasoconstrictor effects of methoxamine (Tarpey and Randall, 1998) , but this may have been due to the mode of administration since others who have investigated mesenteric arteries isolated from LPS-treated animals have noted an impairment in the sustained contractile response, even though the initial response to agonist exposure This article has not been copyedited and formatted. The final version may differ from this version. was normal (Martinez et al., 1996; Mitolo-Chieppa et al., 1996) . The in vitro contractile responsiveness of the renal vasculature in this model of endotoxaemia has not been investigated to date.
Thus, we have now carried out a systematic comparison of responses to methoxamine, given as either bolus doses or as sustained concentrations, in perfused mesenteric vascular beds taken from rats infused with LPS for 2 or 24 h. Since the results showed impaired contractions to methoxamine under sustained conditions in the 24 h LPS-treated group, experiments were carried out to assess changes in intracellular Ca 2+ in mesenteric arteries taken from rats given LPS for 24 h.
Furthermore, we investigated, for the first time, in vitro contractile responses of the renal vasculature from this model of endotoxaemia. Additionally, in order to investigate whether endotoxaemia may affect resistance and conduit vessels differently, we assessed the vasoconstrictor function of thoracic aortae isolated from rats treated with LPS. Aortae were used to investigate further the possible role of intracellular Ca 2+ in hypocontractility to methoxamine in endotoxaemia using caffeine, which elicits contraction by acting on the ryanodine receptor on the sarcoplasmic reticulum to release Ca 2+ (Zucci and Ronca-Testoni, 1997 ).
To our knowledge, the present study is the first comparison of the contractile function of three different tissues taken from the same groups of LPS-treated animals.
A preliminary account of some of these findings has been reported to the British Pharmacological Society (Farmer et al., 2001 ).
Materials and Methods
All experiments were performed on adult male Sprague-Dawley rats (290 -430 g, Charles River UK), with Home Office approval under the Animals (Scientific Procedures) Act 1986.
In vivo Administration of Substances. The animals were surgically prepared to receive chronic infusion of either LPS or saline, via catheters implanted in the right jugular vein under surgical anaesthesia with fentanyl and medetomidine (300 µg kg -1 of each i.p.). Following surgery, anaesthesia was reversed and analgesia provided with atipamezole and nalbuphine respectively (both given at 1 mg kg -1 s.c.). Animals were allowed to recover overnight during which time they received infusion of saline (0.4 ml h -1 ) to maintain catheter patency. The animals were housed in individual cages and connected to a fluid-filled swivel to allow overnight intravenous infusion into the conscious animal as described previously (Gardiner et al., 1993) . During this time animals were allowed food and water ad libitum. On the following day the animals were assigned to one of four groups and subjected to either a 2 h or 24 h intravenous infusion of either LPS (E.Coli. Serotype 0127: B8; 150 µg kg -1 h -1 ) or saline (0.4 ml h -1 ) (Gardiner et al., 1995 
Isolated Renal Vascular Bed Preparation.
A midline incision was made and the gastrointestinal tract lifted out of the abdominal cavity and placed at the side of the animal on a paper towel soaked in Krebs' solution. The right renal artery was identified, and dissected away from connective tissue along its length, from the aorta to the kidney. A loose ligature was then placed around the renal artery. Using blunt dissection the kidney was separated from the surrounding fatty connective tissue.
During this time the kidney was kept moist with Krebs' solution. The animal was then killed by decapitation, and the renal artery cannulated with a blunted hypodermic needle. Once the needle was securely in the artery, the preparation was flushed with 1 ml Krebs' solution, containing heparin (500 U), until the kidney was blanched. The ligature was then tightened to secure the needle in the artery, and the kidney was lifted away with any remaining connective tissue cut away. The preparation was then placed This article has not been copyedited and formatted. The final version may differ from this version. Experimental Protocol -Renal Arterial Beds. In the isolated perfused kidneys, following the equilibration period, a cumulative concentration-response curve was produced for methoxamine by addition of methoxamine to the perfusing Krebs' solution (10 nM-100 µM), with each addition being given when a plateau to the previous response had been achieved (usually within 5 min of administration).
Methoxamine was then washed out over a 30 min period until baseline perfusion pressure was restored. Finally, a cumulative concentration-response curve was produced for KCl by addition of KCl to the perfusing Krebs' solution (10 mM-300 mM), with each addition being given once a plateau to the previous evoked response was obtained.
Experimental Protocol -Aortae. Following the equilibration period, vessels were challenged with cumulative concentrations of methoxamine (1 µM -1 mM). The methoxamine was washed out and a 30 min rest period was allowed prior to cumulative concentrations of KCl (10 mM -300 mM) being added to the organ bath.
In a separate series of preparations, aortae were challenged by cumulative . The Grynkiewicz equation (Grynkiewicz et al., 1985) can be used to calculate the absolute Ca 2+ concentration from the ratio values. However, the constants required for the equation (the dissociation constant for fura-2, R max and R min ) are difficult to determine accurately. Therefore, as this study is concerned purely with the changes in intracellular Ca 2+ levels, we have quoted the 340 nm/380 nm fluorescence ratios, which are directly proportional to the absolute values. 
Results
The experimental model of endotoxaemia that is used here has been characterised extensively by us, and details of the regionally-selective changes in resting cardiovascular status and responses to vasoconstrictors in vivo are available in Gardiner et al., 1993 Gardiner et al., , 1994 Gardiner et al., , 1995 Gardiner et al., , 1996a Waller et al., 1994; Tarpey et al., 1998) .
Mesenteric Arterial Beds: Dose-and Concentration-Response Relationships to
Methoxamine, and Concentration-Response Relationships to KCl. There were no significant differences in the baseline perfusion pressures between the 2 h saline, 24 h saline, 2 h LPS and 24 h LPS groups, and these were 14 ± 4 mmHg (n = 6), 10 ± 5 mmHg (n = 5), 7 ± 3 mmHg (n = 8), and 16 ± 2 mmHg (n = 9), respectively.
Methoxamine, when given as a bolus, elicited dose-dependent increases in perfusion pressure (p<0.001) (Fig. 1) . No significant differences existed between the four groups in the maximal elicited rise in perfusion pressure. Interestingly, a plot of the time course of the methoxamine-elicited contraction to a dose of 1.5 µmol (Fig.   1b ), showed that although there was no significant difference in the maximal attained This article has not been copyedited and formatted. The final version may differ from this version. Cumulative concentrations of methoxamine elicited concentration-dependent increases in perfusion pressure (p<0.0001) (Fig. 2a ). These were significantly reduced in mesenteries from rats following 24 h LPS infusion (Fig. 2a) . The maximum response was significantly depressed in 24 h LPS rats compared to 24 h saline rats, being 64.4 ± 9.1 mmHg (n=8) and 106.7 ± 9.6 mmHg (n=9) respectively (p<0.05). No significant differences were noted between the 2 h LPS and 2 h saline groups, with maximum responses being 96.6 ± 15.6 mmHg (n=8) and 99.4 ± 9.3 mmHg (n=9) respectively. There were no significant differences in EC 50 values between 2 h saline, 24 h saline, 2 h LPS or 24 h LPS groups, at 14.9 ± 6.1 µM, 7.3 ± 1.6 µM, 7.9 ± 2.1 µM and 10.9 ± 2.0 µM, respectively.
Cumulative concentrations of KCl elicited significant concentration-dependant increases in perfusion pressure (p<0.0001) (Fig. 2b ). There were no significant differences between the 2 and 24h LPS groups and their respective controls in their response to cumulative concentrations of KCl.
Mesenteric Arteries: Methoxamine-Stimulated Ca 2+ Responses. There was no significant difference in methoxamine-stimulated Ca 2+ responses between arteries from 24 h saline and 24 h LPS-treated rats, the changes in the 340 nm/380 nm ratio being 0.16 ± 0.05 (n=5) and 0.11 ± 0.07 (n=5) respectively (Fig. 3a) . The responses were also similar when expressed as a percentage of the KCl response (Fig. 3b) . The time to maximum response to methoxamine in arteries from 24 h LPS-treated rats This article has not been copyedited and formatted. The final version may differ from this version. (303 ± 107 s, n=5) was not significantly different compared to that in the 24 h saline treated rats (190 ± 98 s, n=5) (Fig. 3c ). There was no significant difference between the two groups in the change in 340 nm/380 nm ratio induced by 60 mM KCl being 0.15 ± 0.05 (n=5) and 0.15 ± 0.04 (n=5) in LPS-treated and saline-treated groups respectively (Fig. 3d) .
Renal Arterial Beds: Concentration-Response Relationships to Methoxamine
and KCl. Experiments were performed on 4 experimental groups, 2 h saline, 24 h saline, 2 h LPS and 24 h LPS. There were no significant differences between any of the groups in the measured basal renal perfusion pressures, these being 52 ± 11 mmHg (n=7), 45 ± 5 mmHg (n=8), 60 ± 13 mmHg (n=9) and 51 ± 4 mmHg (n=5), respectively.
Responses to cumulative concentrations of methoxamine in the renal arterial beds displayed concentration-dependency in all four groups (P<0.0001) (Fig. 4 ).
There were no significant differences between 2 h saline (n=6), 24 h saline (n=8), 2 h LPS (n=9) or 24 h LPS (n=5) groups; R Max values were 133 ± 22 mmHg, 139 ± 18 mmHg, 161 ± 25 mmHg and 190 ± 17 mmHg, respectively and pEC 50 values were 6.37 ± 0.24, 6.27 ± 0.30, 6.24 ± 0.63 and 6.24 ± 0.19, respectively.
Responses to cumulative concentrations of KCl were concentration-dependent (p<0.0001). There were no significant differences between 2 h saline (n=7), 24 h saline (n=8), 2 h LPS (n=9) or 24 h LPS (n=5) groups; R Max values were 58 ± 13 mmHg, 64 ± 7 mmHg, 75 ± 11 mmHg and 91 ± 16 mmHg, respectively and pEC 50 values were 1.51 ± 0.17, 1.60 ± 0.06, 1.69 ± 0.05 and 1.84 ± 0.06, respectively.
This article has not been copyedited and formatted. The final version may differ from this version. Contractions elicited in response to cumulative concentrations of U46619 displayed concentration-dependency (p<0.0001) (Fig. 5b ). There were no significant differences between the experimental groups in the contractions elicited by U46619 at any of the concentrations tested. Maximal attained contractions were 1.03 ± 0.17 g (n=6), 1.16 ± 0.17 g (n=7), 1.13 ± 0.10 g (n=6) and 1.03 ± 0.14 g (n=7), for 2 h saline, h of LPS-infusion there were no significant differences in the response to caffeine compared to either control group.
Discussion
We have previously observed regional and temporal heterogeneity in vivo with respect to vascular responsiveness in a model of endotoxaemia which involves continuous LPS infusion (Waller et al., 1994) . The aim of the present study was to investigate, in the same experimental model, whether or not such regional heterogeneity is also evident in vitro and whether or not endotoxaemia differentially affects the vasocontractile function of conduit and resistance vessels. Furthermore, we sought to investigate the possible role of Ca 2+ in the hypocontractility to methoxamine (an α 1 -adrenoceptor agonist) that we observed.
Hypocontractility to methoxamine in the mesenteric arterial bed, but not the renal arterial bed, in endotoxaemia. The present results in the mesenteric arterial beds are consistent with previous studies (Tarpey and Randall, 1998; Mitchell et al., 1993) In contrast to the impairment of vascular contractility to methoxamine in both the mesenteric arterial bed and the aorta, isolated from endotoxaemic rats, the renal vascular bed isolated from these animals displayed no significant attenuation of the contractile response to cumulative concentrations of methoxamine or KCl. The lack of change in the renal response to methoxamine in endotoxaemia is consistent with This article has not been copyedited and formatted. The final version may differ from this version. induction of inducible NO synthase (iNOS) is maximal at 6 h after the start of LPS infusion, but this returns to control levels at 24 h (Gardiner et al., 1995; Mitchell et al., 1995) and kidney iNOS does not change during LPS infusion (Gardiner et al., 1995) , therefore, other factors must be responsible for the vasodilatation seen at that stage. It remains to be determined what mechanisms are responsible for protecting the renal vascular bed under these conditions.
Hypocontractility to methoxamine in thoracic aortae in endotoxaemia. The aortic preparations also showed hypocontractility to methoxamine, but here the difference was apparent in preparations isolated at both 2 and 24 h after the onset of LPS infusion. Thus, endotoxaemia can cause hypocontractility to a given vasoconstrictor (methoxamine) in both conduit (aorta) and resistance (mesenteric arterial bed) vessels, although temporal differences in the susceptibility of these two vasculatures to impaired responsiveness were observed. In neither case was the hypocontractility to methoxamine due to a generalised impairment of smooth muscle contractile function as responses to KCl were not affected. Thus, hypocontractility to methoxamine in this model of endotoxaemia could involve one or more of the steps including and/or subsequent to stimulation of α 1 -adrenoceptors.
Interestingly, in contrast to the pronounced impairment of contractions to methoxamine, contractions to U46619 in the aortae were unaffected by LPS infusion, This article has not been copyedited and formatted. The final version may differ from this version. at either 2 h or 24 h. Similarly, U46619-induced contractions were reported to be largely maintained in rat mesenteric arteries in an in vitro model of endotoxaemia, whilst those to phenylephrine were attenuated (O'Brien et al., 2001; Wylam et al., 2001 ). In rats rendered tolerant to lethal doses of endotoxin by repeated sublethal doses of endotoxin, the pressor response to phenylephrine was attenuated, but a higher peak response to U46619 was observed compared to controls (Coffee et al., 1991) , although in the same model the sensitivity of the response to U46619 in isolated aortic rings was reduced (Temple et al., 2001) . The reason for these differences between the contractile agents is unclear, but one possibility is differences between their signalling pathways. For example, RhoA, a signalling molecule involved in sensitization of the smooth muscle contractile machinery to Ca
2+
, is activated to a greater extent by U46619 than by noradrenaline in rabbit aortic smooth muscle (Sakurada et al., 2001 ).
Role of Ca 2+ in hypocontractility in endotoxaemia. We attempted to explore some of the underlying mechanisms of the changes involved. Ca 2+ measurements in the mesenteric artery were restricted to 24 h, since that was the time when significant changes in contractile responses were observed. The results showed a tendency for smaller changes in Ca 2+ after LPS treatment, but these were not significant so it would appear that, as shown by Martinez et al. (1996) , a failure to release Ca 2+ does not underly hypocontractility to methoxamine. In the aortae, preparations taken at 24 h after LPS treatment also showed normal responses to caffeine, indicating that a change in mobilization of intracellular Ca 2+ also does not underly hypocontractility to methoxamine, pointing to changes in Ca , 1996) . We did not investigate the extent to which that was involved in the changes observed here.
In the aorta, responses to methoxamine were reduced at 2 h and 24 h LPS, but the response to caffeine was reduced only at 2 h LPS. Thus, this indicates that there may be an impairment of Ca 2+ release from internal stores at 2 h, but not at 24 h, after LPS infusion. Previous studies have shown elevated basal levels of intracellular Ca 2+ in rat aorta caused by sepsis or endotoxin treatment, which may result from an impairment of Ca 2+ storage in intracellular organelles (Song et al., 1993; Martinez et al., 1996) . Impaired storage, and by implication release, of Ca 2+ in intracellular organelles could explain the decreased response to caffeine observed at 2 h. Inducible NOS activity in the aorta in this model of endotoxaemia has been shown to increase between 2 and 6 h, and then to be undetectable at 24 h, after the onset of LPS infusion (Gardiner et al., 1995) , which is, in some respects, similar to the temporal change in the response to caffeine. In this regard it is interesting that NO has been shown to reduce the rate of Ca 2+ release from skeletal muscle sarcoplasmic reticulum and open probability of ryanodine receptors in lipid bilayers (Meszaros et al., 1996) .
If changes in Ca 2+ mobilization or entry (present study) and NO (Gardiner et al., 1995; Mitchell et al., 1995) do not underlie the mesenteric and aortic hypocontractility to methoxamine that we have observed, at least at 24 h LPS, this raises the question of what mechanisms are involved. One possibility is an involvement of K + channels, as these have been shown to be upregulated by LPS treatment (Czaika et al., 2000) , and are involved in relaxation to LPS and in ex vivo aortic hypocontractility to phenylephrine and noradrenaline in LPS-treated rats (Hall et al., 1996; Sorrentino et al., 1999; Chen et al., 2000) .
This article has not been copyedited and formatted. The final version may differ from this version. Conclusion. In conclusion, the present study has demonstrated that in mesenteric arterial beds and in aortae, but not in the renal arterial bed, isolated from rats following infusion of LPS, there is an attenuation of the contractile response to methoxamine. This is not due to a generalised inability of the smooth muscle to contract and, at least in late endotoxaemia ( 
